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INTRODUCTION
Emissions from aircraft engines have been measured for more than three decades.
e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Concern about a variety of environmental and health risks from exposure to aircraft exhaust has driven the need for increasingly detailed information on exhaust composition. Areas of concern include the safety of flight line workers and populations housed near bases and airports, potential contributions of precursor compounds leading to ozone enhancement or acid deposition in the vicinity of high air traffic, compliance with regulations for criteria pollutants, degradation of stratospheric ozone and, more recently, emissions affecting global climate and emissions of toxic and hazardous air pollutants. [11] [12] [13] [14] Emerging needs for data on military With a few recent exceptions, nearly all prior exhaust composition measurements were made by extractive sampling just behind the engine exhaust exit plane. However, the exhaust at the exit plane is so non-uniform, both radially and circumferentially, that samples must be taken from a large number of positions to assure representative sampling, and pressure and probe position must be carefully measured at each sampling point in order to determine weighting factors for the individual measurements. The design of the probe also is extremely critical, first to withstand the severe environment, but also to maintain the integrity of the sample in the probe.
At the high exhaust temperatures at the exit plane, reactions that perturb sample composition can occur in the probe unless special precautions are taken with the probe materials and temperatures. Also, chemical quenching reactions, particle formation and particle agglomeration that can occur early in the exhaust plume, as the exhaust is diluted with ambient air, may not be complete at this sampling location. If chemical and physical processes are still occurring in the exhaust stream, the measurements made at this location may not represent the final form of emissions to the atmosphere. These issues are especially important under afterburner power operation, where the temperature of the exhaust at the exit plane can exceed 2000ºC. Even if sampling probes can be designed for operation under these conditions, combustion reactions are not complete at the engine exhaust exit, so emission measurements made at this location can be misleading.
We have found that these difficulties can be eliminated by making the measurements far enough downstream of the engine that chemical reaction and particle formation are largely complete. 15 This distance has been found to be 20-25 nozzle exit diameters behind the engine. 16 Sampling at this location greatly simplifies probe requirements due to reduced temperature, and data analysis is simplified because a carbon mass balance approach can be used to determine emission factors of trace chemicals without the need for representative sampling of the exhaust plume area. This approach is quite different from most prior emissions studies, but the concept was validated in 1975, 16 and again recently 15 . This downstream approach permits use of less complex sampling probes compared to exit plane sampling, and will yield results more representative of true atmospheric emissions. Remote sensing results are available for only a few of the individual toxic organic chemicals that we measure by extractive methods, due in part to the very low concentrations found in the exhaust at all but "idle" engine power settings.
EXPERIMENTAL METHODS

Aircraft/Engine
The engine type which was tested was the F100 engine used in the F-15 Eagle and the F-16
Falcon aircraft. The Pratt & Whitney F100 engine is the primary engine in the worldwide F-15 fleet and has gained overwhelming use with more than 85% of the world's air forces that fly the F-16. With more than 6,800 active installed engines worldwide and over 16 million flight hours, the F100 series represents a large proportion of the current fighter aircraft inventory. The F100 is an axial-flow turbofan produced in 4 variations, F-100-PE-100, F-100-PW-200, F-100-PW-220, and F-100-PW-229. The engines tested during this measurement campaign were F-100-PW-100 engines with normal dry thrust of 12,420 pounds, rising to a maximum thrust of 14,670 pounds at full military power. Maximum afterburning thrust is 23,830 pounds.
Testing Venue
The F100 engines were tested on F-15 aircraft at Tyndall AFB, near Panama City, FL. Tyndall 
Exhaust Sampling
Extractive sampling from the exhaust plume was conducted using stainless steel probes mounted in a specially designed probe stand (shown in Figure 2 ) located downstream of the engine exit plane. Thermocouples were mounted at the top and bottom of the probe stand. The probe stand included three probes, with one used for gas measurements, one for aerosol measurements, and one unused. The height of the sampling probes is adjustable, and for these tests the probes were 3 m above ground level. The individual probes were 1.27 cm diameter stainless steel tubes that extended to the base of the probe stand. From that point the gas Carbon dioxide was monitored continuously during testing using LICOR Model LI-820 CO 2 non-dispersive infrared (NDIR) instruments, and a Fuji NDIR CO 2 analyzer. The LICOR Model LI-820 CO 2 has two optical cells that provide either a 5.1 cm. or 14 cm. optical path length.
The concentration range of the shorter cell is 0 to 20,000 ppm, while the concentration range of the longer cell is set to 0 to 2,000 ppm. For the non-afterburner tests, the LICOR instruments were used on the 0-2,000 ppm range, and for the afterburner tests, the LICOR's cell was changed to the shorter extended range cell (0 to 20,000 ppm), to accommodate the higher CO 2 levels. Carbon monoxide was measured using a Thermo Model 48C continuous cross filter correlation spectroscopy analyzer. For the non-afterburner test runs, the 0 to 20 ppm range was used and for the afterburning test runs, either a range of 0 to 50 ppm or 0 to 100 ppm was used.
NO and NO 2 were monitored by a Thermo Model 42CL nitrogen oxides chemiluminescence Air samples for carbonyl compounds were collected using dinitrophenyl hydrazine (DNPH) coated cartridges. During each test run, air was drawn through the cartridge for the entire test run using a sampling pump and mass flow controller operating at a flow rate of approximately 2 L/minute. The DNPH cartridges were purchased commercially from Supelco, and were shipped in sealed bags and were certified clean and ready to use. The cartridges were kept in a refrigerator before and after sampling. Upon completion of the individual testing campaigns, the cartridges were shipped on blue ice to Battelle's laboratories in Columbus, OH. Upon receipt in the laboratory, the cartridges were extracted with 2 ml of acetonitrile into a 2 ml volumetric flask. An aliquot of the sample solution was then transferred to a 1 mL vial and analyzed. The remaining solution was refrigerated and archived.
The acetonitrile extracts were analyzed by an Agilent Series 1100 high performance liquid chromatograph equipped with a ultra-violet detector (HPLC-UV). The instrument was outfitted with an auto-sampler, a workstation for data reduction, and a printer, and was operated at a fixed wavelength of 360 nm. Peak resolution was accomplished using two C-18 reversed phase Table 1 lists the target species and spectral regions used for the OP-FTIR system.
A UV-DOAS system was employed specifically to characterize NO emissions. The UV-DOAS system used in this study was a hybrid system with components from two different manufacturers. The UV output of the receiver was coupled to the spectrometer by a fiber optic cable.
The UV spectra were collected and signal-averaged every 10 seconds. The NO concentrations were determined using a classical least squares (CLS) algorithm. Over the course of a given measurement run, the baseline shape and bias of the UV spectra varied. To minimize error due to the unstable baseline, the UV spectra were analyzed in the narrow region from 43,935 to 44,466 cm -1 (224.9 to 227.6 nm). Within this narrow region, the baseline shape approximated a straight line with a varying slope. The CLS algorithm with its linear baseline correction effectively corrects for the slope, eliminating any need to manually manipulate the individual spectra.
The gas species targeted by the ORS instruments are CO 2 , CO, NO, NO 2 , formaldehyde, ethylene, propylene, acetylene, and fuel hydrocarbons. Although both ORS systems were used for measuring NO, the UV-DOAS measurements are preferred because the UV absorption spectrum of NO is very strong and does not suffer from any atmospheric interference, whereas the strong overlapping water-vapor lines in the infrared region of the NO fundamental vibrational band impacts both the sensitivity and accuracy of the FTIR determinations.
Sampling Schedule
The experimental design called for multiple test cycles at the following engine power settings Background air samples were taken each day with the extractive system to allow correction of exhaust measurements for background air concentrations. In all of the test runs, the ORS instruments ran continuously starting at least five minutes before the engine was started and continuing at least five minutes after the engine was shut down. The single-beam spectra collected during the periods before the start of the engine and after the shut down were used as backgrounds for the measurements. The OP-FTIR collected time-averaged measurements every 32 seconds, and the UV DOAS collected time-averaged measurements every 10 seconds.
Emission Index Calculation
Emission indices (EIs) for the individual gaseous species were calculated from the extractive and ORS data based on the carbon balance method. Essentially, this is a chemical tracer approach which makes use of the combustion products of carbon in the fuel. The assumptions underlying this approach are:
1. All of the carbon in the fuel is converted to gaseous CO 2 , CO, and hydrocarbons (for these calculations, soot was not included as a carbonaceous product).
2. The carbon in the fuel is conserved, i.e. the carbon may change chemical form during the combustion, but the total mass of carbon is unchanged. suggest that the engine that was tested was reasonably stable during operation at each test setting and that there was good reproducibility at the respective engine setting between the two test runs. Somewhat greater variability in the steady state measurements for both the extractive and ORS systems was observed for tests affected by strong cross-winds, especially at Idle power. Nonetheless, the reproducibility of the measurements was very good throughout the measurement campaign.
In general, there is reasonably good agreement between the overall trends in mixing ratios as measured by the extractive systems and the PIC results measured by the ORS systems, although some discrepancies between the measurement systems clearly exist. However, since the extractive measurements determine point-concentrations and the ORS measurements determine path-integrated concentrations, the respective results for individual species cannot be directly compared. Consequently, it is instructive to compare the measurements from the two systems by normalizing to the measured carbon dioxide concentration, since it is assumed in the carbon balance method that the ratios are uniform throughout the plume. Figures 6 and 7 show the averages for CO and NO normalized to the average CO 2 concentration for each test run. These figures show general agreement in the CO/CO 2 and NO/CO 2 ratios between the extractive and ORS measurements, with a few apparent outliers apparent in the CO/CO 2 ratios ( Figure 6 ). In particular, there are several points that noticeably fall above the regression fit line. All but one of these points corresponds to a test run at idle engine conditions (i.e., lowest exhaust velocity)
where there was a strong crosswind and the extractive sampling results showed CO 2 levels that were only slightly above background concentrations (i.e., less than approximately 200 ppm above background). The NO/CO 2 ratios for these same test runs are not as apparent as outliers because they are at the low end of the data range and do not fall noticeably above the regression line. Because the ORS technique measures the path integrated concentrations independent of where the plume is in the optical path, the ORS measurements are less affected by crosswinds than the extractive measurements which are highly dependent on the probe being positioned in the plume. In fact, the CO 2 , CO, and NO concentrations measured by ORS during the tests with high cross winds were not substantially different from concentrations measured during other tests at idle. On the other hand, the concentrations measured extractively were approximately a factor of 4-10 lower than those measured during other tests at idle. Table 3 presents a summary of the emission indices determined from the extractive and ORS systems for the key target analytes at each of the engine power settings. These values represent the average emission indices calculated across all engines and all test runs, and the relative standard deviations (RSD) of the averages are included parenthetically. In general, there is very good agreement between the EIs determined from the extractive and ORS measurements for the primary combustion products (CO 2 , CO, NO) as well as for those limited cases when both the extractive and ORS systems detected target organic compounds. In all cases, the CO 2 emission indices are within 1% for the extractive and ORS results, and in most cases, the agreement between the extractive and ORS measurements for the CO and NO is within approximately 25%. This level of agreement is consistent with previous comparisons between extractive and ORS measurements. Schäfer, et al., 21 have shown comparisons of extractive probe measurements with FTIR measurements in which deviations were typically ±30% for CO 2 , CO, and NO measurements for an aircraft engine mounted in a test cell. When those authors used a narrow-band FTIR, the agreement between the CO 2 measurements was improved to better than 10%.
There is somewhat greater variability between the results for the trace organic species since the concentrations for these analytes were typically below detection levels for the ORS system. For each of the target organic compounds, occasional spikes in the ORS spectra could be seen indicating the presence of trace levels of these compounds. However, the integrated concentrations over the period of the individual test runs were frequently below the instrumental detection limits for most of these target compounds. It is noteworthy to point out that the instrumental detection limits for the OP-FTIR increased with increasing engine power settings because of additional vibration experienced at higher power settings which increased the noise in the signal. Tables 4 and 5 present the calculated CO emission indices for each engine for the extractive and ORS measurements, respectively. In general, the intra-engine variability (e.g., run-to-run variability), indicated by the RSD included parenthetically, show reasonably good agreement between test runs at a given engine setting, with typical RSDs of approximately 30% or less in most cases. In several instances, the intra-engine variability of the ORS data was somewhat greater at higher engine settings because the CO concentrations approached the detection limits of the ORS system.
SUMMARY AND CONCLUSIONS
A series of 39 test runs was performed to characterize the emissions from six different F100 engines where both extractive sampling and ORS techniques were collocated and allowed for a Run-to-run variability was typically less than 30% for duplicate test runs at each engine setting for both the extractive and ORS measurements, although somewhat greater variability was occasionally observed for the ORS measurements when concentrations of the target analytes were near instrumental detection limits.
These results suggest that ORS can be successfully applied to measurement of a few key gaseous species in aircraft exhaust, primarily the major combustion products: CO 2 , CO, and NO. Trace organic gases may also be measured, but current detection capabilities of the ORS instrumentation restrict the detectable species to a very limited set of compounds. 
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